The Bacillus anthracis Sterne plasmid pXO1 was sequenced by random, "shotgun" cloning. A circular sequence of 181,654 bp was generated. One hundred forty-three open reading frames (ORFs) were predicted using GeneMark and GeneMark.hmm, comprising only 61% (110,817 bp) of the pXO1 DNA sequence. The overall guanine-plus-cytosine content of the plasmid is 32.5%. The most recognizable feature of the plasmid is a "pathogenicity island," defined by a 44.8-kb region that is bordered by inverted IS1627 elements at each end. This region contains the three toxin genes (cya, lef, and pagA), regulatory elements controlling the toxin genes, three germination response genes, and 19 additional ORFs. Nearly 70% of the ORFs on pXO1 do not have significant similarity to sequences available in open databases. Absent from the pXO1 sequence are homologs to genes that are typically required to drive theta replication and to maintain stability of large plasmids in Bacillus spp. Among the ORFs with a high degree of similarity to known sequences are a collection of putative transposases, resolvases, and integrases, suggesting an evolution involving lateral movement of DNA among species. Among the remaining ORFs, there are three sequences that may encode enzymes responsible for the synthesis of a polysaccharide capsule usually associated with serotype-specific virulent streptococci.
the structural genes for the anthrax toxin proteins [cya (edema factor), lef (lethal factor), and pagA (protective antigen)], as well as two trans-acting regulatory genes (atxA and pagR), a gene encoding a type I topoisomerase (topA), and a recently characterized operon containing three genes whose functions appear to affect germination (12, 21, 26, 31, 38, 50, 55, 62, 65) . In addition to the Tox ϩ phenotype, a number of other phenotypes have been associated with pXO1. pXO1-cured strains exhibit different nutritional requirements on certain minimal media, display enhanced sporulation, and demonstrate altered phage sensitivity compared to pXO1 ϩ strains (57) . Here we report the sequencing, assembly, and annotation of pXO1. Our analysis indicates that this plasmid has the potential to encode 143 proteins. The virulence genes of pXO1 are organized in a manner similar to pathogenicity islands (PAIs) located on the chromosomes of other bacterial pathogens.
MATERIALS AND METHODS

Plasmid DNA isolation. The Sterne strain of B. anthracis is pXO1
ϩ pXO2 Ϫ (50, 56) . Plasmid pXO1, isolated and purified from this strain, was kindly provided by Donald Robertson (Department of Chemistry, Brigham Young University, Provo, Utah). The protocol for purification and analysis of pXO1 has been described (34) . DNA sequencing. The sequencing strategy used to assemble the complete plasmid was based on the whole-genome, shotgun approach that has been successfully applied to the sequencing and assembly of several much larger microbial genomes (for an example, see reference 20) and a number of microbial plasmids (18, 23) . A small-insert random-fragment library was generated from pXO1 DNA using the following conventional approach. Plasmid DNA was sonicated and size fractionated. Small (2-to 4-kb) DNA fragments were digested with mung bean nuclease to create blunt ends and then ligated into the EcoRV site of Escherichia coli plasmid pT7-Blue (Novagen). Recombinant plasmid DNA was transformed into E. coli DH10B (Life Technologies, Madison, Wis.) by electroporation. Overnight cultures of individual pT7-Blue clones (2 ml) were purified using a 96-well format DNA purification kit (PERFECTprep-96; 5 Prime-3 Prime, Inc., Boulder, Colo.).
Sequences were generated using dye-terminator chemistry (ABI Prism FS; Applied Biosystems, Foster City, Calif.) driven by two pT7-Blue-specific primers complementary to sequences flanking the inserts. Sequencing reactions were analyzed on 36-or 48-cm polyacrylamide gels (4% Burst-Pak custom gel; Owl Scientific, Portsmouth, N.H.) or 5% Long Ranger gels (FMC, Rockland, Maine) using ABI 373 or 377 DNA sequencers (Applied Biosystems).
Sequence assembly and closure. Sequences from randomly selected clones were assembled and edited on an Apple Power Macintosh computer using Sequencher (Gene Codes, Ann Arbor, Mich.). An initial assembly generated ϳ40 contigs containing both sequence and physical gaps. The sequence gaps were closed primarily by direct walking off of appropriate clones to generate eight contigs containing approximately 180 kb of sequence. The final physical gaps were closed by generating reverse primers to the ends of each contig and systematically linking physical gaps by PCR analysis. A previously constructed pXO1 restriction map (54) was also used to establish appropriate primer pairs. The PCR products were purified with QIAquick PCR Purification Kits (Qiagen, Santa Clarita, Calif.) and sequenced using the protocols outlined above.
Locating open reading frames (ORFs). GeneMark (6) and GeneMark.hmm (43) software programs were used to predict the location of gene boundaries in the pXO1 sequence. GeneMark.hmm uses a specially designed postprocessing ribosome-binding site prediction tool that was modified for a Bacillus subtilis matrix. It considers the lack of the ribosomal protein S1 within the bacilli and the requirement to identify ribosome-binding sites with elevated binding affinities (43) . The BLAST and FASTA programs were used to conduct similarity searches against GenBank, EMBL, and Swiss-Prot sequence databases. ScanProsite was used to identify patterns within the Prosite database.
Nucleotide sequence accession number. The complete circular plasmid sequence was entered into GenBank under accession no. AF065404.
RESULTS
Overall features. The Sterne strain of B. anthracis harbors a circular pXO1 plasmid that is 181,654 bp in length with an overall guanine-plus-cytosine content of 32.5%. A total of 143 ORFs were identified using GeneMark and GeneMark.hmm (Fig. 1) . BLAST surveys showed that the majority (97) of these ORFs appear to encode proteins of unknown function. Eleven ORFs are predicted to encode proteins with similarity to hypothetical proteins from other organisms (Table 1) . Putative functions could be assigned to only 35 ORFs that had significant similarity to proteins of other organisms.
Gene density. The GeneMark.hmm program predicts that only 110,817 bp of the pXO1 DNA (61%) represents coding regions. The average size of a pXO1 ORF is 610 bp, which is significantly shorter than the average gene size (approximately 1,000 bp) found in most microbial genomes. Other, less-stringent programs that simply separate potentially coding from noncoding regions (e.g., PARSE) indicate that the coding regions may account for as much as 75% of the total pXO1 sequence. The variability in potential coding densities and the shortened average gene size may reflect the presence of nonfunctional gene remnants on the plasmid. These analyses also Table 1 ). The region also contains several putative insertion elements (ISs) and genes encoding integrases and transposases (see ORFs 103, 115, 116, and 120 in Table 1 ). The pXO1 PAI is predicted to contain a total of 31 ORFs. Fifteen ORFs are hypothetical genes that are either sequences from other organisms for which putative functions have not been assigned or "new" ORFs that do not have similarity to genes in databases. Included in this category are putative genes (ORFs 111 and 118) that were originally identified during the cloning and sequencing of the pagA and atxA genes (64, 65) . One ORF is predicted to encode a protein with significant similarity to adenine phosphoribosyl transferase of E. coli (ORF 121). Three ORFs have significant similarity to spore germination response genes from other bacilli (ORFs 112 through 114) ( Table 1 ) (26) . In addition, a noncoding region of the PAI (coordinates 158.0 to 158.3) has sequence similarity to the Bacillus cereus gene encoding hemolysin II.
ISs. The class of ORFs with the highest overall similarity to known proteins is composed of 15 putative genes that are related to ISs or genes involved in recombination and integration. These include three homologs of the IS231 sequences commonly associated with the Bacillus thuringiensis crystal toxin genes (46) . Three iso-IS231 elements were identified within an 8.5-kb region (coordinates 42029 to 50635) and designated IS231R, -S, and -T ( Fig. 1 and Table 1 , ORFs 35, 36, and 39). While IS231R and IS231S display an apparent integral organization (a 478-amino-acid [aa] putative protein flanked by 20-bp inverted repeat), IS231S is apparently missing its left extremity. Their lengths varied from 1,604 bp for IS231S to 2,066 bp for IS231T. There is remarkable similarity between the IS231 elements from B. anthracis and those isolated from other members of the B. cereus group. The IS231R DNA sequence is 95% identical to that of IS231E from B. thuringiensis serovar finitimus (IS231T shows 97% identity); yet, IS231R is only 63% identical to its coresident element IS231S. Similarly, IS231S is 67% identical to the IS231Y sequence recently isolated from B. cereus (10b).
As described above, a pair of inverted copies of IS-like elements designated IS1627 (GenBank accession no. U30715 and U30713) flank the region of pXO1 that harbors the putative PAI. The IS150-like elements belong to the IS3 family (46) . Comparative restriction analysis of this region in the Sterne strain and in the pXO1 plasmids from several other strains, including Weybridge, Weybridge A, and Vollum, indicates that there has been an inversion in this region (57) . In Sterne, the two IS1627 elements are separated by 44,836 bp (coordinates 117177 to 162013) and are contained in nearly exactly duplicated sequences of 1,222 and 1,282 bp. These duplications differ by a 68-bp deletion, several single nucleotide additions or deletions, and a small number of nucleotide changes within the sequences adjacent to the ORFs. The two ORFs within these ISs are identical with the exception of a frameshift difference that causes one of the IS-like elements to be 60 aa longer than the other. Neither of these putative ORFs appears to have a strong ribosome binding site and, as a consequence, the GeneMark.hmm program truncates both ORFs to encode polypeptides containing 83 and 143 aa instead of 214 and 274 aa, respectively. A truncated IS1627 putative transposase is also located immediately adjacent to the right end of the inverted region (ORF 129).
Other ORFs with significant similarity to known proteins normally involved in transposition or mobility of DNA include two reverse transcriptase-like proteins from E. coli and Methanobacterium thermoautotrophicum, respectively, that are often associated with group II intron self splicing (ORFs 07 and 23); a B. subtilis gene, yocA, whose product is similar to a transposon-related protein (ORF 81); three potential integrases (ORFs 18, 103, and 132); a Tn4430-like element (44, 45) that contains two ORFs (ORFs 115 and 116) corresponding to a resolvase and to transposase tnpA, respectively; and finally a putative transposase at ORF 120. The high proportion of sequences with predicted functions in insertion and recombination is suggestive of plasmid plasticity and the possibility of horizontal exchange of DNA among strains or species.
Origin of replication. The pXO1 sequence does not contain ORFs with significant homology to any of the rep genes that have previously been associated with origins of replication in large plasmids of gram-positive organisms (3, 4, 7, 8) . Robertson et al. (54) attempted to localize the replication origin by cloning pXO1 DNA fragments into an E. coli plasmid and then transforming the plasmid into B. subtilis. Since E. coli plasmids cannot replicate in Bacillus species, any positive transformants would presumably contain the pXO1 replication origin. This strategy produced several clones that mapped to an 11-kb region that lies between coordinates 86249 and 97209 of the pXO1 sequence (Fig. 1) . Sequences within these coordinates contain 10 ORFs, but the predicted products do not show sequence similarity to rep proteins associated with theta-replicating plasmids (15, 32) .
Other ORFs with similarity to known genes. Immediately adjacent to the right IS1627 element (coordinates 111374 to 114761) of the PAI are a cluster of ORFs predicted to encode proteins with sequence similarity to hyaluronate synthetase (hasA), UDP-glucose-pyrophosphorylase (gtaB), and UDPglucose-dehydrogenase (ywqF) of Streptococcus (ORFs 93 to 95). These enzymes participate in the biosynthesis of serotypespecific capsular polysaccharides in streptococci (11, 13, 16, 17) . There is no evidence that a polysaccharide capsule is produced by B. anthracis, and the significance of these genes on pXO1 is not evident.
The remaining ORFs with sequences suggesting function include putative genes that bear resemblance to the following: an erythrocyte invasion gene from Plasmodium yoelii (ORF 13); a putative cell division gene, ftxZ, from Pyrococcus horikoshii (ORF 45); an S-layer precursor gene from B. anthracis (ORF 54); a gene (kln) encoding a putative 478-aa secretory protein kinase from Chlorobium limicola with a conserved nucleoside triphosphate-binding motif that is similar to that of VirB11 in Agrobacterium tumefaciens and Bordetella pertussis (ORF 59); a regulatory element (rapC) from B. subtilis (ORF 136); the pagR regulatory gene of B. anthracis (ORF 138); and a gene encoding a thermonuclease precursor/micrococcocal nuclease from Staphylococcus aureus (ORF 141). There are 108 additional ORFs on pXO1, encoding hypothetical proteins for which there are either no database matches or no assigned functions.
DISCUSSION
The most recognizable feature of the B. anthracis Sterne megaplasmid pXO1 is a putative PAI (27) that houses all three toxin genes and all of their known regulatory elements. Two IS1627 elements (ORFs 96 and 127) mark the molecular boundaries of this 44.8-kb region. Thorne (57) provided evidence that this region can behave as a mobile and distinct unit; the 44.8-kb region is inverted in pXO1 plasmids originating from two different strains of B. anthracis. The pXO1 PAI lacks other characteristics common to PAIs of other organisms. The guanine-plus-cytosine content of the pXO1 PAI (30%) does not differ significantly from that of the rest of the plasmid (32.5%) or the host genome (33%) (52) . Also, there is no apparent difference in codon usage between the PAI and non-PAI regions (data not shown). These observations suggest that the majority of the pXO1 sequences must have evolved from backgrounds that are similar to this class of bacilli or related organisms.
The pXO1 sequence does not contain a replication initiatorlike protein (repA) and typical reiterated sequences (iterons) containing clusters of direct and inverted repeats that define origins of replication in most theta-replicating plasmids (15, 32, 39 ). An 11-kb region of the plasmid, corresponding to coordinates 86249 to 97209, has been reported to contain an origin of replication (54) . None of the ORFs within this region are predicted to encode proteins with functions related to rep or inc functions in other organisms. Theta-replicating plasmids that do not have iterons or encode proteins like the product of repA (15) include the prototype plasmid ColE1 (reviewed in reference 39) and the B. subtilis plasmid pLS20 (49) . ColE1 requires the host DNA polymerase I to initiate replication while replication of pLS20 is independent of polymerase I activity. Although pXO1 has sequences that resemble dnaA boxes and replication termination signals, none of these sequences are tightly clustered within any particular region. Searches for palindromes and secondary structures reveal several sites where palindromes exist in small clusters, but a putative origin cannot be assigned primarily on this basis. These results suggest that pXO1 may have a rare and perhaps unique origin of replication.
The high number of IS-like elements on pXO1 suggests that the PAI and perhaps other regions within this plasmid may have evolved by mechanisms involving duplication, inversion, and deletion. A similar phenomenon appears to have occurred in the Rhizobium 536-kb megaplasmid (from strain NGR234) that has 18% of its sequence in the form of mosaic sequences and ISs (23) . Families of transposable elements on these large bacterial plasmids may have driven the movement and evolution of genes with functions related to pathogenicity and symbiosis throughout different species.
The presence of 15 ORFs with similarity to transposases, integrases, and recombinases suggests that pXO1 is a plasmid with a high degree of genetic plasticity. However, the genomes of B. anthracis isolates from diverse origins show extremely low levels of genetic variation at the molecular level (36) . It has been argued previously that the severe molecular monomorphism of B. anthracis is the result of either a very recent origin of this species or population size constrictions or bottlenecks associated with the spread of this disease. Due to the lack of other genetic variation, structural rearrangements as observed in pXO1 may play a more important evolutionary role than in other organisms. Indeed, the pXO1 genes encoding activities related to recombination could act in trans to increase structural changes in both the B. anthracis chromosome and in pXO2. Rapid evolutionary change could benefit a pathogen, and genetic linkage of trans-acting recombinases to toxin genes could be an evolved situation.
The Lyme disease spirochete, Borrelia burgdorferi, contains at least 17 linear and circular plasmids, whose combined length exceeds 500,000 bp (22) . There is one striking similarity between these plasmids and pXO1. The average size of ORFs within the 11 linear Borrelia plasmids is 507 bp. The average size of ORFs in pXO1 is 610 bp. A recent analysis of the Borrelia plasmids indicates that a significant portion of the plasmid genes are damaged due to a myriad of recombinational events between like plasmids (10) . The short lengths of the Borrelia plasmid ORFs are apparently due to this decay process, resulting in the accumulation of pseudogenes. It is not clear whether pXO1 is evolving by similar processes. Perhaps a subset of nonfunctional genes within pXO1 are being driven into extinction but are currently trapped in the slow evolution of B. anthracis.
Among the pXO1 ORFs with a high degree of similarity to known genes are two clusters of genes whose potential expression and function could affect the virulence and life cycle of B. anthracis. A cluster of three genes, gerXA, gerXB, and gerXC (ORFs 112, 113, and 114) (26) , encode proteins with sequence similarities to proteins involved in the spore germination response in B. subtilis. In B. subtilis, each of four germination response operons, gerA, gerB, gerK, and yfk, encodes three genes (51, 66) . For example, the gerA operon contains gerA, gerAB, and gerAC (51) . The gerA genes are involved in the germination response to L-alanine. The gerB and gerK loci are involved in the response to a combination of asparagine, glucose, fructose, and KCl. The pXO1-encoded ger genes have recently been shown to belong to a single operon whose function appears to influence the germination rate of B. anthracis spores in a murine alveolar macrophage assay (25, 26) . These plasmid-borne gene products appear to facilitate the germination of the bacterial spore at sites within certain mammalian target cells.
Another cluster (ORFs 93, 94, and 95) is a set of three genes that are similar to genes involved in the synthesis of the serotype-specific polysaccharide capsule of virulent group A streptococci. The streptococcal genes hasA, hasB, and hasC are transcribed in an operon and encode hyaluronate synthase, UDP-glucose dehydrogenase, and UDP-glucose pyrophosphorylase, respectively (11, 13, 16, 17) . The three corresponding pXO1 genes closely resemble the streptoccal genes ( Table 1) , except that the order of the pXO1 genes is A, C, B. There are no reports of a polysaccharide capsule in B. anthracis. Genes on the other B. anthracis megaplasmid, pXO2, facilitate synthesis of a D-glutamic acid capsule by virulent strains (60) . Therefore, pXO1 ORFs 93, 94, and 95 may represent another example of nonfunctional genes that have yet to decay away. pXO1 contains three IS231 elements with significant homology to their counterparts in the B. cereus subgroup (46) . IS231 is a group of ISs originally identified in large plasmids from the entomopathogen B. thuringiensis. These B. thuringiensis ISs are structurally associated with the insecticidal ‫-ץ‬endotoxin genes and other transposable elements. They harbor two terminal inverted repeats and encode a single transposase related to that found in IS1151 from Clostridium perfringens and the IS4 family of ISs. Following transposition, IS231A generates duplications of between 10 and 12 bp at preferred target sites (46, 53) . A recent study of the occurrence and diversity of ISs among B. cereus members shows that, of all the elements tested, IS231 displayed the most widespread distribution and variability (29, 40) . Detailed structural and/or functional analyses of several iso-IS231 sequences have since shown that this diversity is not only related to the DNA sequence but also to a VOL. 181, 1999 BACILLUS ANTHRACIS pXO1 PLASMID SEQUENCE 6513
on August 15, 2017 by guest http://jb.asm.org/ modular assemblage of these entities (10b). The presence of IS231 elements in pXO1 confirms previous reports of the existence of these elements in B. anthracis (30) . Recent PCR and sequencing data also suggests that IS231-like elements exist on the chromosome of B. anthracis and in the capsule containing plasmid pXO2 (10b). The strong homology (more than 95% identity) between two of the IS231 elements from B. anthracis and IS231E from B. thuringiensis serovar finitimus indicates that either direct exchanges occurred between these hosts or these species at one time shared common genomic pools. Another observation in pXO1 is the clustering of these three IS231 elements within an 8.5-kb region. This is reminiscent of other IS231 groupings within itself and in association with the class II transposon Tn4430 in B. thuringiensis (44) . Mahillon and Chandler (47) recently proposed several mechanisms that could account for this behavior, including the successive insertion of related ISs into a highly preferred region. Insertion specificity appears to have relied on the DNA sequence and structural conformation of the target site for IS231A (28) . pXO1 also harbors a Tn4430-like element (ORFs 115 and 116) that spans 3.7 kb and includes a Tn1546-like resolvase and a Tn21-like transposase. However, this element is not linked to the IS231 cluster but is located directly adjacent to the known toxin genes.
Large megaplasmids (50 to 500 kb) that confer selective advantage on their hosts are common throughout microbial communities. Examples include the TOL family of plasmids that allow Pseudomonas species to metabolize toluene and other toxic organic chemicals (2) and the 536-kb plasmid pNGR234a of Rhizobium that promotes the symbiotic relationship between this species and a variety of legumes (23) . Many megaplasmids are also known to carry virulence factors. Several gram-positive pathogens, including C. perfringens and B. thuringiensis, harbor such plasmids. Diverse strains of C. perfringens are characterized by their ability to produce numerous extracellular toxins. Genes encoding certain of these toxins are located on the bacterial chromosome, but others are often housed in megaplasmids ranging in size from 90 to 130 kb (19, 35) . In B. thuringiensis, at least 50 different insecticidal ‫-ץ‬en-dotoxins have been identified on plasmids ranging in size from 60 to 300 kb (1) . Clearly, the presence of the structural genes encoding the anthrax toxin proteins on pXO1 results in selection for plasmid maintenance by B. anthracis during infection. However, it is not clear if pXO1 confers a selective advantage on B. anthracis in nonhost environments. Spontaneous loss of pXO1 during growth in laboratory medium is rare. Although pXO1 Ϫ soil isolates of B. anthracis are uncommon, all environmental strains in our collection were isolated from soil collected near diseased animals (36) . It is possible that pXO1 Ϫ isolates exist in other soil samples. Certain pXO1-associated phenotypes have been noted, but they have not been associated with specific genes. These include altered sensitivity to certain bacteriophages, different nutritional requirements for growth on certain minimal media, and altered sporulation characteristics. Study of the numerous pXO1 ORFs that do not have obvious similarity to known genes may lead to a better understanding of these and other phenotypes.
